ABSTRACT Background: Aging is associated with reductions in muscle mass and strength, but nutrition and exercise interventions can delay this progression and enhance the quality of life. Objective: We examined whether the predominant source of protein consumed by older men influenced measures of muscle size and strength, body composition, resting energy expenditure, and skeletal muscle creatine concentrations in response to 12 wk of resistive training. Design: After consuming a lactoovovegetarian (LOV) diet for 2 wk, 21 men aged 65 ± 5 y were randomly assigned to either consume a beef-containing (BC) diet (n = 10) or to continue the LOV diet (n = 11) throughout resistive training. The BC diet included 0.6 g protein · kg Ϫ1 · d Ϫ1 from beef and the LOV diet included 0.6 g protein · kg Ϫ1 · d Ϫ1 from textured vegetable protein (soy) sources. The remaining protein in the diets came from self-selected LOV sources. Results: The mean total protein intake for both groups ranged from 1.03 to 1.17 g · kg Ϫ1 · d Ϫ1 during the intervention. Men in both groups had improvements (14-38%) in maximal dynamic strength of all the muscle groups trained with no significant difference between groups. With resistive training, cross-sectional muscle area of the vastus lateralis increased in both groups (4.2 ± 3.0% and 6.0 ± 2.6% for the LOV and BC groups, respectively) with no significant difference between groups. Body composition, resting energy expenditure, and concentrations of muscle creatine, phosphocreatine, and total creatine did not differ significantly between groups or change over time. Conclusions: These data suggest that increases in muscle strength and size were not influenced by the predominant source of protein consumed by older men with adequate total protein intake.
INTRODUCTION
As preventive therapy, resistive training is effective at increasing both strength and muscle mass in older people (1) (2) (3) . Some limited data suggest that the nutrients an older person consumes during a resistive-training program can influence muscle hypertrophy. Meredith et al (4) found that older men who completed a 12-wk resistive-training program and consumed a nutritional supplement drink (2.34 MJ) daily gained more muscle mass than did age-matched men who did not consume the nutritional drink. Campbell et al (5) showed that different protein intakes influenced the relative uptake and efficiency of nitrogen utilization in older people during a 12-wk resistive-training program. However, contrary to previous research in the same laboratory (1, 4) , these older subjects did not experience resistive-training-induced muscle hypertrophy (5) . It was proposed that the differences in the muscle hypertrophy response among these studies might be related to differences in nutrient intakes and dietary control. More specifically, it was questioned whether consumption of a controlled lactoovovegetarian (LOV) diet (5), compared with self-selected habitual diets (which presumably contained meat) (1, 4) , diminished the muscle hypertrophy response.
Meat consumption may enhance protein synthesis and muscle hypertrophy by providing creatine in the diet. One study found that exogenous creatine may enhance protein synthesis (6) . These increases in creatine and phosphocreatine availability may allow the individual to perform more exercise over time, thereby increasing muscle hypertrophy. Limited data exist concerning creatine loading via controlled ingestion of food sources such as red meat. Furthermore, it was suggested that vegetarians may not be able to perform high-intensity exercises optimally because they do not consume meat and therefore they have lower creatine concentrations (7) .
Regarding the dietary protein source, Campbell et al (8) subsequently showed that consumption of an omnivorous diet, compared with an LOV diet, promoted resistive-training-induced increases in muscle mass in older men. These data suggest that meat consumption enhanced muscle mass accretion in older men who underwent resistive training. The design of this study (8) , however, did not involve random assignment of subjects or control of meat intake to provide an opportunity to assess whether a specific type of meat was responsible for the overall effect. Therefore, the objective of the current study was to test whether consuming a meat-containing diet, compared with an LOV diet, influenced whole body composition and muscle size in older men in response to a 12-wk period of resistive training. Measurements of muscle strength, resting energy expenditure, and muscle creatine stores were also made.
SUBJECTS AND METHODS

Subjects
Twenty-six men were recruited and enrolled. Each subject had a physical examination before acceptance into the study. The examination included a written medical history, resting electrocardiogram, and clinical blood and urine chemistries. The results were used to exclude men with medical conditions that might place them at risk if they participated in the study. Before the study began, all of the subjects provided written, informed consent in accordance with the Institutional Review Board at the University of Arkansas for Medical Sciences.
Three subjects decided to withdraw from the study during the first 2 wk because they were unwilling to commit to the data collection schedule. One other subject's data were removed from the statistical analyses because he was unable to finish the exercise program as a result of a viral infection that he acquired during the last 4 wk of the training program. Another subject's data were removed after the analyses of iron status showed that he was irondeficient throughout the study. Therefore, a total of 21 men (aged 65 ± 5 y) completed the study protocol as designed.
The sample size was determined from the data of Campbell et al (8) . On the basis of the means and variances of those data, to achieve a power (1 Ϫ ␤) = 0.80 at P < 0.05, 9 subjects were needed to detect changes in body composition. The power of the present study was Ϸ0.50 on the basis of the differences between groups in midthigh cross-sectional area.
Experimental design and dietary control
The duration of the entire protocol was 15 wk. During the initial week of testing (week 1), the men consumed their habitual diets with no dietary control or constraints. During the next 2 wk (weeks 2 and 3), all subjects were counseled and asked to selfselect a LOV diet. In addition, each subject was given selected food items (Morningstar Farms, Worthington Foods Inc, Worthington, OH; Table 1 ) that were individually weighed to the nearest 0.1 g to yield 0.6 g protein · kg Ϫ1 · d Ϫ1 from textured vegetable protein (soy) products. For the remaining 12 wk of the study (weeks 4-15), the men were randomly assigned to either continue the LOV diet (n = 11) or to begin the beef-containing (BC) diet, a self-selected LOV diet supplemented with beef (n = 10). The men who were randomly assigned to the LOV group continued to consume the same portions that were provided during the first 2 wk. The men assigned to the BC group were provided with 0.6 g protein · kg Ϫ1 · d Ϫ1 from beef ( Table 1 ). The remainder of their energy intake was from self-selected LOV food sources.
The subjects recorded all the foods and beverages that they consumed, including the supplemental protein, for 24 h on 3 consecutive days (1 weekend day and 2 weekdays) during 3 different weeks of the study (weeks 1, 3, and 15). Each subject was counseled by a registered dietitian on how to report portion sizes and record food entries. The food records were analyzed with NUTRI-TIONIST V software (N-Squared Computing, First Data Bank Inc, San Bruno, CA) to determine the energy and macronutrient intakes. One subject failed to record his diet during week 15.
The daily portions of high-protein foods were weighed and distributed to the subjects in frozen form. The protein contents of these food items were determined from the labels on the product packages. Each subject prepared and cooked the products as desired on the basis of personal preference. Throughout the 14 wk of dietary intervention, the subjects were routinely asked about their adherence to the dietary guidelines. They were told to adjust, if necessary, their self-selected energy intakes on the basis of changes in their body weight (measured before each exercise session, 3 d/wk) so that they would remain weight stable.
Resistive training
After the 2-wk LOV diet, the subjects began the resistive-training program. The training sessions were performed 3 d/wk on nonconsecutive days. However, on one occasion each, 11 subjects had to train on 2 consecutive days or on weekend days because they missed a regular session to fulfill other commitments (eg, a workrelated trip or a funeral). An exercise specialist supervised each training session individually. The exercises performed were the unilateral seated leg extension, unilateral seated leg flexion, bilateral leg press, arm pull, and seated chest press. Initially, we determined the maximum weight each subject could lift or push (the one-repetition maximum, or 1-RM) for each exercise.
The sessions began with a 10-min warm-up period on a cycle ergometer set at 20-50 W at a pedaling rate of 40-70 rev/min, followed by 5-10 min of passive stretching of the muscle groups to be exercised. For each exercise, subjects performed a warm-up set of 4 repetitions with the resistance at 40% of the 1-RM. This was followed by 2 sets of 8 repetitions and a third set performed to volitional fatigue; for these 3 sets, resistance was at 80% of the 1-RM. The resistance for subsequent sessions was increased by 5% when ≥ 12 repetitions were performed during the third set of a given exercise.
Subjects rested for 60 s between sets and for 3-5 min between the different exercises. During each workout session, subjects alternated between upper-body exercises (arm pull and seated chest press) and lower body exercises (unilateral seated leg extension, unilateral seated leg flexion, and bilateral leg press). The exercises were performed on pneumatically adjusted resistance exercise equipment (K400; Keiser Inc, Fresno, CA) with digital displays of force output. This equipment provides an eccentric and concentric phase throughout the range of motion. The 1-RM procedure was repeated on the final day of the resistive-training program to assess changes in strength. All subjects completed 31-33 out of a possible 33 workout sessions.
Body composition
Each subject underwent body-composition assessments during weeks 1, 3, and 15 of the study. Body density was measured by plethysmography (Bod Pod; Life Measurements, Concord, CA) after an overnight fast (9) . The subjects wore minimal clothing (a swimsuit) and a tight-fitting swim cap to minimize volume attributable to hair, if necessary. The predicted value for lung volume was used to account for thoracic volume (10) . Fat-free mass and percentage body fat were calculated from body density by using the 2-compartment model equation of Siri (11) . We used the average of 3 measurements in the statistical analyses.
Resting energy expenditure
Indirect calorimetry was used to determine resting energy expenditure (REE; in MJ/d) during weeks 1, 3, and 15. Testing was done between 0600 and 0830 after a 10-h overnight fast. REE testing during weeks 3 and 15 was done within 30 min of the time when the week 1 REE testing was performed. Two of the men in the BC group and one man in the LOV group could not complete the procedure because they were unable to minimize movements while the hood was in place.
Subjects were asked to lay supine and rest for 30 min before data collection. While the subjects were resting, the oxygen sensor (Magnus 16; Hartmann and Braun, Applied Automation, Frankfurt, Germany) and carbon dioxide sensor (Uras 14; Hartmann and Braun) were calibrated. We used separate sensors for inspired (ambient) and expired gases. This allowed for continuous monitoring of changes in ambient oxygen and carbon dioxide concentrations; the number of people in the procedure room during testing varied, ranging from 2 to 7 people. A free-flowing hood with a drape was positioned over each subject's head. The hood was connected to tubing that directed the expired gas to the analyzers. A turbine blower (EG & G Rotron, Saugerties, NY) was used to pull ambient air through the hood and subsequently to pull the mixed gases (ambient and expired) through the tubing to the sampling port. A factory-calibrated flowmeter (Mass Flowmeter, model 5861L; Brooks Instruments, Hatfield, PA) was placed inline, according to factory specifications, to constantly measure the flow rate (L/min) to account for dilution. The initial 5 min of data were not used when calculating REE. For 2 subjects during their week-15 data collection period, there was a technical problem with the oxygen analyzers; their data were removed from the statistical analyses of REE.
Muscle metabolites
During weeks 1, 3, and 15, muscle samples were obtained from the dominant side vastus lateralis with a 6-mm Bergstrom biopsy needle (Microsurgical Instruments, Lake Forest, IL) and the aid of suction (12) . Briefly, a site on the subject's leg was chosen for sampling and was anaesthetized with 1% lidocaine (Ϸ4 mL total) given intradermally. Once the muscle tissue had been extracted, any blood, fat, or connective tissue was blotted from the sample before freezing. The samples were frozen between 60 and 90 s after extraction (13) and were stored in liquid nitrogen until analyzed. A week-15 sample was not obtained from one subject in the BC group because the initial biopsy attempt failed to produce a muscle sample and the subject refused to allow a second attempt.
Analyses of muscle phosphocreatine and creatine contents were performed with methods described by Tarnopolsky and Parise (14) . Briefly, samples were lyophylized overnight and stored at Ϫ80 ЊC until subsequent analyses. Samples were powdered and any blood or connective tissue remnants were removed; then 5-10 mg muscle powder were weighed out and placed in a 1.5-mL polyethylene tube. The metabolites were extracted into 0.5 mol/L perchloric acid combined with 1 mmol/L EDTA and were neutralized with 2 mol/L KHCO 3 . The subsequent assays for phosphocreatine and creatine were performed by using a modification of methods described previously (15) . We modified these methods further according to Tarnopolsky and Parise (14) , who 3 There were no significant main effects of group or group-by-time interactions between weeks 1 and 3 and no significant main effects of group or time or group-by-time interactions between weeks 3 and 15.
4 Self-selected protein intake = relative protein intake Ϫ provided protein (0.6 g · kg
); all protein during week 1 was self-selected.
used a fluorometer (Mini 150; Shimadzu RF, Kyoto, Japan) with an excitation wavelength of 360 nm and an emission wavelength of 460 nm. Creatine and phosphocreatine values are reported as mmol/kg dry mass. The intraassay CVs for creatine and phosphocreatine were 4.4% and 1.7%, respectively. Total creatine content was calculated as the sum of creatine plus phosphocreatine contents.
Cross-sectional muscle area
During weeks 3 and 15, computed tomography scans of the dominant side midthigh were performed on a GE CTI scanner (General Electric, Milwaukee) with the following parameters: 120 kVp, 200 mA, 512 ϫ 512 matrix, slice thickness of 10 mm, and a field of view of 26 cm. A phantom was scanned weekly to insure validity and reliability. The location for each scan was determined by placing a lead marker at one-half the distance between the distal edge of the patella and the midline of the inguinal crease while the subject was lying on the scanning bed. After the scout scan, this location was measured digitally with the image software by using the crest of the head of the femur as the initial point and the lead marker as the endpoint. The distance and angle were recorded and used to determine the section to be scanned during the postintervention scan.
The images were saved on an optical disk and downloaded to the radiology workstation, where the image was transferred (via file transfer protocol) to a remote location for image analysis. With a method described previously (16), the images were analyzed for muscle area by a single investigator, in a blinded fashion, by using SCION IMAGE software, version Beta-3b (Scion Corporation, Frederick, MD). Muscle area (cm 2 ) was calculated automatically by summing the tissue's pixels in the selected regions and multiplying by the pixel surface area. Duplicate measurements to determine within-subject variability were not done to avoid repeated exposure to radiation and the financial costs of repeating the test. However, the femur area of these subjects changed minimally (0.1 ± 0.4%) and these data had a CV of 3.4%.
Statistical analyses
Unless otherwise noted, values are expressed as means ± SDs. Independent t tests were used to compare week-1 values between groups for each variable. Time, group, and group-by-time interaction effects were assessed by using two-way repeated-measures analysis of variance to compare weeks 1 to 3 and weeks 3 to 15. All statistical analyses were performed with STATISTICA computer software, version 5.5 (Statsoft, Tulsa, OK). Statistical significance was defined as P ≤ 0.05.
RESULTS
The descriptive characteristics of the 21 men who completed the protocol are shown in Table 2 . There were no significant differences between groups for any of these variables.
Diet
For energy intake, there were no significant differences between or within groups throughout the intervention according to the 3-d food records (Table 3) . For protein intake, there was a main effect of time, with increases in reported intakes for both groups between weeks 1 and 3; there was no group or time effect at week 15. Subjects in the BC group consumed 57 ± 10% of their total protein from the supplemental beef and subjects in the LOV group consumed 53 ± 7% of their total protein from the supplemental texturized vegetable protein during the 12-wk period of resistive training. These analyses were performed with data from the week-15 food records.
Strength
At week 3 (preintervention), there were no significant differences between the LOV and BC groups in maximal strength for any of the exercises ( Table 4 ). All subjects then underwent the 12-wk resistive-training intervention, and at week 15 (postintervention), both groups showed increased maximal dynamic strength of all 2 Significant main effect of time (P < 0.05), but no significant main effect of group or group-by-time interaction. 1. Mean (± SD) midthigh muscle cross-sectional area, as measured with computed tomography, at week 3 (preintervention) and week 15 (postintervention) in the beef-containing (BC) diet group (, n = 10) and the lactoovovegetarian (LOV) diet group (ٗ, n = 11). At week 15, after the resistive-training intervention, subjects in both groups had significant increases (4.2 ± 3.0% and 6.0 ± 2.6% for the LOV and BC groups, respectively) in midthigh cross-sectional area with no significant difference between groups. Thus, there was no significant main effect of group and no significant group-by-time interaction, but the main effect of time was significant (P < 0.05).
the muscle groups trained (improvements of 14-38%). There were no significant differences in strength gains between groups.
Body composition
Body weight, fat-free mass, and fat mass were not significantly different between the BC and LOV groups before the intervention (week 1) and remained unchanged at weeks 3 and 15 ( Table 5) . There were no significant differences in response to the resistivetraining intervention between the 2 groups.
The cross-sectional area of the midthigh (vastus lateralis) muscle did not differ significantly between the LOV and BC groups at week 3 (Figure 1) . At week 15, after the resistive-training intervention, subjects in both groups had significant increases (4.2 ± 3.0% and 6.0 ± 2.6% for the LOV and BC groups, respectively) in midthigh cross-sectional area with no significant difference between groups.
Resting energy expenditure
There were no significant between-group differences in REE before the intervention (Table 5) . REE did not change significantly over time, either within or between groups, or when analyzed in terms of relative values (MJ · kg fat-free mass Ϫ1 · d Ϫ1 ; data not shown).
Muscle metabolites
Muscle contents of creatine, phosphocreatine, and total creatine did not differ significantly between groups at weeks 1 or 3 (Table 5) . At week 15, after the 12-wk resistive-training intervention, there were no significant changes in muscle contents of creatine, phosphocreatine, or total creatine in either group.
DISCUSSION
The main finding of this study was that resistive-traininginduced muscle hypertrophy did not differ significantly between older men who consumed a diet with beef as the predominant source of protein and similar subjects who consumed an LOV diet with soy as the predominant source of protein. This finding was contrary to our original hypothesis that muscle hypertrophy would be greater in the BC group than in the LOV group, and is different from previous research in our laboratory (8) .
Our previous research (8) showed that older men who consumed an omnivorous diet (ie, including protein from beef, poultry, pork, and fish) experienced different whole-body and skeletal-muscle responses to a 12-wk resistive-training program compared with men who self-selected an LOV diet (ie, containing no striated tissue but including protein from dairy products and eggs). Differences between the previous and present studies included 1) the degree of dietary control (completely self-selected versus self-selected with portioned quantities of protein, respectively); 2) the types of striated-tissue protein tested (omnivorous versus beef only, respectively); 3) the quantities of protein provided (≤ 1.0 g protein · kg
, respectively); 4) the frequency of resistive exercise (2 times/wk versus 3 times/wk, respectively); 5) the methods of wholebody-composition assessment (hydrostatic weighing versus plethysmography, respectively); and 6) the methods of muscle size assessment (muscle fiber histochemistry versus computed tomography scanning, respectively).
This protocol can be generalized in that all the foods (supplemented and self-selected) are readily available to consumers and can be prepared in a self-selected manner. It appears that the amount of protein consumed (in g · kg Ϫ1 · d Ϫ1 ) may be crucial with regard to the potential differential effects of the protein source (omnivorous or LOV) during periods of resistive training in older men. Further studies are needed; these studies should include women, use a longer training duration, and vary the protein content to better evaluate the influence of the protein source on factors involved in muscle hypertrophy.
The average increases in midthigh cross-sectional muscle area from weeks 3 to 15 (4.2 ± 3.0% and 6.0 ± 2.6% for the LOV and BC diets, respectively) are comparable to the muscle hypertrophy results reported by others (17, 18) and support the effectiveness of the 12-wk resistive-training protocol for inducing muscle hypertrophy.
Regarding total protein intake, previous research (19) suggests that older adults need a higher protein intake than the current recommended dietary allowance (RDA) of 0.8 g protein · kg Ϫ1 · d Ϫ1 (20) . Research also suggests that long-term consumption of the RDA for protein might result in skeletal muscle atrophy (21) consistent with metabolic and physiologic accommodations to inadequate protein intake. If this is true, marginal protein intake might also explain the decrease in fat-free mass and the trend toward less hypertrophy of type II muscle fiber in a group consuming an LOV diet, as reported by Campbell et al (8) . The lack of a detectable difference in midthigh cross-sectional muscle area between the BC and LOV groups in the present study may indicate that total protein intakes were adequate to meet the demands of protein synthesis. The resistive-training protocol used in the present study effectively increased muscle strength in both groups. The increases in strength are consistent with the results of other investigations of similar training regimens and subject populations (8, 22, 23) . This finding was expected given that in general, initial strength gains induced by resistive training result from enhanced neuromuscular recruitment of the myofibrils needed to perform the required exercise (24) and do not necessarily result from muscle hypertrophy.
The lack of change in REE may be explained by the absence of change in fat-free mass. In accord with our results, Taaffe et al (25) observed that strength increased by 30-40% as a result of resistive training in older women, without significant changes in fat-free mass or REE. Studies that showed an increase in REE after participation in a resistive-training program (8, 19, 23) also showed an increase in fat-free mass.
As with many studies on resistive training, the relatively short duration of training (12 wk) and the methods used to assess body composition and muscle size are important factors, and potential limitations, of the present investigation. We chose to use 12 wk of resistive training on the basis of previous research showing that significant muscle hypertrophy can occur within this time period (8, 26) and that significant diet-related differences in muscle hypertrophy responses may also occur within this time frame (4, 8) . Regarding body-composition assessment, not all methods are equally sensitive and accurate for detecting subtle changes in soft tissue. For the present study, we decided to use computed tomography scanning as the primary method for detecting changes in skeletal muscle on the basis of research by Nelson et al (27) . They reported that this technique was one of the most sensitive ways to detect changes in soft tissue after resistive training in older women. The significant increases in midthigh muscle area measured in the present study support the use of computed tomography scanning for this purpose. Given these factors, however, one might question whether muscle hypertrophy would have been greater in the BC group than in the LOV group if the resistive-training period had extended beyond 12 wk. Future studies should use a longer training duration and a larger sample size to insure adequate statistical power, as the statistical power for the present investigation was 0.50 on the basis of the cross-sectionalarea data.
The resting muscle creatine values (creatine, phosphocreatine, and total creatine) of the present study are in agreement with those of Tarnopolsky and Parise (14) but are higher than the phosphocreatine and total creatine values reported by Campbell et al (8) . In the current study, the observed muscle creatine values did not support our hypothesis that skeletal muscle creatine content would increase at week 15 in the BC group. Raw beef contains Ϸ30 mmol creatine/kg dry wt (28) , but exposing meat to high temperatures for an extended period of time catalyzes the conversion of creatine to creatinine, as observed when meat is rendered for processing as animal food. This can greatly diminish the amount of creatine available for consumption (≤ 3 mmol/kg dry wt) (28) . Therefore, depending on the cooking methods chosen, the subjects may have ingested more creatinine than creatine. The finding that there was no significant difference between groups for muscle creatine content appears to indicate that there is a feedback mechanism of exogenous creatine absorption on endogenous synthesis that maintains a constant myocellular content (29) .
Another interesting finding in the current study was the lower muscle total creatine content in this group of older men compared with values reported previously for middle-aged (mean: 49 y) sedentary men and women studied in the same laboratory with the same analytic methods (14) . The total creatine values in the current study were 11.5% lower, and the values reported by us previously in a similar group of men were 21% lower (8) than those of the younger group studied by Tarnopolsky and Parise (14) . These findings, in combination with the observation that creatine supplementation did not have a differential effect on strength gains in the older men and women who performed resistive exercise (30) , could indicate a relative deficiency in the creatine transporter (31) in older people.
In summary, the primary aim of this study was to determine whether consumption of striated tissue in the form of beef influenced muscle hypertrophy in older men during 12 wk of resistive training. These results indicate that the predominant source of dietary protein (beef or soy), when consumed by older men in amounts that averaged 1.1 g protein · kg Ϫ1 · d
Ϫ1
, did not influence the extent of muscle hypertrophy during 12 wk of resistive training.
